Abstract. The aim of this study was to investigate the distribution pattern of von Willebrand factor (vWF) and vascular endothelial growth factor (VEGF) in the healthy antral and atretic follicles of Philippine swamp buffaloes (SB) in comparison with Holstein-Friesian cows (HF). Paraffin sections of healthy follicles and atretic follicles at various stages were immunostained with vWF antibody and VEGF antibody. The density of vWF-positive capillary vessels in the theca interna significantly increased as atresia progressed in SB, whereas the density significantly decreased in late atretic follicles compared with advanced ones in HF. On the other hand, the area of vWF-positive capillary vessels in the theca interna significantly increased as atresia progressed in both SB and HF. Immunoreactions of VEGF in the granulosa cells (in all follicle types) were observed in both SB and HF. In the granulosa layer, a reduction in the VEGF immunoreaction was noted as follicles progressed from healthy to advanced atretic follicles in both animals. Granulosa cells (in both SB and HF) showed a higher immunopositive staining than theca cells. In the theca interna, VEGF immunostaining diminished as follicles progressed to the late atretic follicles in both animals. These results indicate that during atresia, changes of vWF expression are the opposite of VEGF expression in SB. Both vWF and VEGF are suggested to be associated with follicular atresia in SB.
he von Willebrand factor (vWF), a multimeric glycoprotein, is present in the plasma and subendothelium [1] and mediates adhesion of platelets to the subendothelium at the sites of vascular injury and disorder [2, 3] . The vWF is synthesized by endothelial cells (E C) and megakaryocytes, and then stored in EC (WeibelPalade bodies) and platelets (α-granules) [4] [5] [6] . It is known that increased expression of vWF in blood vessel endothelial cells is associated with endothelial damage [7, 8] , blood vessel maturation [9] and regression [10] . It has been reported that the regression process in atretic follicles coincides with an increased expression of vWF [11, 12] .
Conversely, the vascular endothelial growth factor (VEGF) is considered to be a major angiogenic factor in the ovary [13] , and its production declines in atretic follicles [14] . VEGF plays a crucial role in endothelial cell proliferation Accepted for publication: March 29, 2005 Published online: April 22, 2005 Correspondence: N. Isobe (e-mail: niso@hiroshima-u.ac.jp) [15] , chemotaxis [16] , and protection from apoptosis [17] [18] [19] . VEGF exerts its cellular effects through interaction with its tyrosine kinase receptors Flt-1 (VEGF-R1) and Flk-1/KDR (VEGF-R2), which bind the ligand with high affinity [20] .
The relationship between thecal vasculature distribution and follicular development or atresia has been shown in domestic animals: cattle [21, 22] , sheep [23, 24] , and pigs [24, 25] . However, literature concerning the vasculature surrounding follicles in the buffalo is limited, except for a recent study reporting dynamic changes (using Bandeiraea simplicifolia-I lectin) in the ovarian thecal vasculature of the swamp buffalo associated with follicular atresia [26] . We hypothesized that vWF expression will tend to increase while VEGF expression will tend to decrease as follicular atresia progresses in the buffalo ovary. Hence, the aim of this preliminary study was to determine the maturity (aging) of microvessels in the theca layers during the atretic process in the buffalo. For this purpose, the distribution of vWF was compared among types of follicle and between buffaloes and cattle. We also investigated the involvement of microvessel maturity in follicular VEGF expression.
Materials and Methods

Collection and preparation of tissue
Fifteen ovaries from healthy, non-pregnant swamp buffaloes (SB) and ten ovaries from Holstein-Friesian cows (HF) were collected from slaughterhouses in the Philippines and Japan, respectively. The estimated age of SB was 5-9 years, determined by dental examination [27] . Blood samples were also collected from SB before slaughter for determination of plasma progesterone level [28] [29] [30] to estimate whether the animals were in the luteal phase (>1 ng/ml) or not. However, age and progesterone concentration of HF were not i n v e s t i g a t e d d u e t o r e s t r i c t i o n s i n t h e slaughterhouse. No macroscopic abnormalities were observed in the reproductive tracts of animals. Ovaries were immediately fixed in 10% formalin in phosphate buffered saline (PBS, pH 7.4) and processed for paraffin sections (3-µm thick), which were air dried on slides treated with 3-aminopropyltriethoxysilane (Sigma-Aldrich Chemical Co., St. Louis, MO, USA) for the vWF im munostain ing o r on MAS coated slides (Matsunami Glass Industries Ltd., Kishiwada, Japan) for immunostaining of VEGF.
Immunohistochemistry
After deparaffinization with xylene, the sections were rehydrated through a series of graded volumes of ethanol in distilled water (100, 95, 90, 80, and 70%; 15 sec each) and washed in PBS for 5 min. Antigen retrieval for vWF was done by incubating sections with 20 µg/ml proteinase K (Sigma) in 10 mM Tris-HCl, pH 7.4, at 35 C for 20 min in a humidified chamber. For VEGF, antigen retrieval was conducted by heating sections in a solution of 10 mM sodium citrate at 121 C for 1 min f o l l o w e d b y c o o l i n g f o r 2 0 m i n a t r o o m temperature. The sections were then incubated for 10 min with 1% hydrogen peroxide to remove endogenous peroxidase activity. After washing with PBS (2 times), the sections were incubated with normal goat serum for blocking (1:1,200 dilution) for 30 min. For vWF, sections were incubated with anti-human vWF antibody (reacts specifically with the cytoplasm of endothelial cells; rabbit monoclonal; 1:750 dilution; F3520, Sigma) for 30 min at room temperature. For VEGF, sections were incubated overnight at 4 C with anti-human VEGF antibody (reacts specifically with the 165, 189, and 121 amino acid splice variants of VEGF; rabbit polyclonal; 1:200 dilution; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA). Control slides were prepared in an identical manner, except that the first antibody was replaced with normal 1 µg/ml rabbit IgG. After washing with PBS twice, immunoreactions were detected by a MAX (PO) MULTI kit (Nichirei, Tokyo, Japan) according to the manufacturer's protocol. The sections were incubated with a second antibody conjugated with peroxidase and an amino acid polymer for 30 min at room temperature. Then, they were incubated with substrate solution consisting of 0.2 mg/ml 3'3diaminobenzidine-4HCl and 0.005% H 2 O 2 in 0.05 M Tris-HCl (pH 7.5). The slides were rinsed with water and counterstained with hematoxylin. After washing with running tap water, the slides were dehydrated, cleared, and covered.
Classification of follicles
Follicles were histologically classified into healthy, early atretic, advanced atretic, and late atretic, as previously reported [26, 31, 32] . Healthy follicles had an intact granulosa layer with a compact and well-organized arrangement. Atretic follicles were classified based on the criteria described by Xu et al. [33] . Briefly, early atretic follicles had a minimal number of pyknotic cells, degenerated cells, and/or apoptotic bodies distributed along the antral border of the granulosa layer. Advanced atretic follicles contained numerous pyknotic cells, degenerated cells, and/or apoptotic bodies in the granulosa layer, while the granulosa layer disappeared in late atretic follicles. The numbers of follicles examined, for SB and HF respectively, were as follows: healthy, 12 and 15; early atretic, 5 and 14; advanced atretic, 4 and 4; and late atretic, 7 and 6.
Analysis of vWF-positive capillary vessels and VEGF immunostaining
All available follicles with a diameter of 3 to 5 mm at the largest cross-sectional area were included in the analysis. Observation was conducted at 5 equidistant areas of the theca layer in each follicle (approximately 10,000 to 50,000 µm 2 ). The vWF-positive capillary vessels were counted using an image analyzer with a computer system (Mac Aspect, Mitani Co., Fukui, Japan) [34, 35] . The capillary vessel area contained both endothelial cells and the vessel lumen. The capillary vessel density and capillary vessel area in the theca interna and externa were expressed as values per 20,000-µm 2 area. The density and area of follicles was expressed as the average of 5 counts. The pattern of VEGF immunostaining was graded quantitatively as follows: partial, "+/-"; half, "+"; and whole "++". Observation was conducted at 5 equ idistant areas of each follicle at 400 × magnification (10 × ocular lens, 40 × objective lens).
Statistical analysis
Differences in the vWF-positive capillary vessel density and area among different breeds, as well as among different follicular stages of atresia were analyzed by two-factor ANOVA, followed by Duncan's multiple range test (EXCEL Statistics Ver. 4; Esumi Co., Tokyo, Japan). Differences were considered to be significant at P<0.05.
Results
Immunoassay of SB plasma samples showed that 60% of the animals were in the luteal phase (progesterone level above 1 ng/ml). Due to a l i m i t e d n u m b e r o f f o l l i c l e s a v a i l a b l e f o r examination, comparison of immunolocalization between animals with a progesterone level of <1 and >1 ng/ml was not performed. Likewise, the frequency distribution of the different follicle sizes in the different follicle types was not investigated.
In both SB and HF, the endothelial cells of the thecal capillary vessels of atretic follicles showed a greater affinity to anti-vWF antibody than healthy follicles (Fig. 1) . Capillary vessels without staining for vWF were observed in the healthy follicles ( Fig  1A and E) . Atretic follicles also showed pyknosis of granulosa cells, and apoptotic body-like debris were present, indicating follicular atresia. Control slides showed a negative reaction, confirming the specificity of the antibody used in this study (pictures not shown).
In the theca interna, SB showed a significant increase in the density of vWF-positive capillary vessels as follicles progressed from healthy to late atretic follicles, while HF showed a plateau in early and advanced atretic follicles, which significantly declined as they progressed to the late atretic follicles ( Fig. 2A ). There were significant differences in density of vWF-positive capillary vessels in advanced and late atretic follicles between SB and HF. However, the area of vWFpositive capillary vessels significantly increased as atresia progressed in both breeds (Fig. 2B) .
In the theca externa, density of vWF-positive capillary vessels significantly increased in the early atretic follicles of both breeds compared to those of healthy follicles (Fig. 2C) . Moreover, late atretic follicles had a significantly higher number of vWFpositive capillary vessels than in the early atretic follicles of both SB and HF. HF late atretic follicles contained a significantly high number of vWFpositive capillary vessels as compared to SB. The area of vWF-positive capillary vessels significantly increased as follicles progressed to late atretic follicles in SB and advanced atretic follicles in HF (Fig. 2D) . Table 1 shows the distribution pattern of VEGF staining in the different stages of follicular atresia in SB and HF. A decrease in immunopositivity (granulosa and theca interna layers) was noted as follicles progressed from healthy to atretic follicles in both breeds. Both breeds gave a positive immunoreaction for anti-VEGF antibody in all atretic stages of follicles, with the granulosa layer showing a better affinity for immunostaining than the theca layers (Fig. 3) . In healthy follicles of both breeds, the entire granulosa layer was positively stained for VEGF antibody. However, VEGF reactivity decreased in atretic follicles, resulting in only a partial staining with VEGF antibody in advanced atretic follicles. In the theca interna of both SB and HF, half the layer was immunostained with VEGF antibody in the healthy follicles, whereas only a partial VEGF-positive layer was observed in all atretic follicles. Control slides showed a negative reaction, confirming the specificity of the antibody used in this study (data not shown).
Discussion
The preliminary findings from the present work are presented in this report. In SB, both density and area of vWF-positive capillary vessels in the theca interna increased significantly as follicles progressed from healthy to late atretic follicles. Increased expression of vWF can be associated in part to maturation and/or aging of blood vessels [9] . Therefore it is suggested that the atretic process is accompanied by an increase in matured or aged capillary vessels in the theca interna of SB. The present results for SB are similar to previous data we obtained from cattle [11] . The density of vWFpositive capillary vessels in the theca interna of SB increased continuously as follicles progressed from healthy to late atretic follicles, while HF showed a plateau in early and advanced atretic follicles, which significantly declined as they progressed to late atretic follicles. This suggests a difference in the changes of matured/aged capillary vessel density in the theca interna during the atretic process between SB and HF. Since the total number of capillary vessels was not altered during the atretic process [26] , follicular progression to late atresia in HF reduces the density of only matured/ aged capillary vessels. In the theca interna of late atretic follicles, a significantly increased density of vWF-positive capillary vessels was attained in SB compared with HF. However, there was no difference in the total number of capillary vessels between SB and HF in the theca interna of late atretic follicles [26] . These results indicate a greater ratio of matured/aged capillary vessel in SB than HF. In the theca externa, late atretic follicles of both SB and HF had a significantly higher density of vWF-positive capillary vessels than healthy and early atretic follicles. However, HF showed significantly higher density of vWF-positive capillary vessels than SB. This indicates a dramatic increase in the number of matured/aged capillary vessels in late atretic follicles, especially in HF, which is quite different from SB. Since there was no difference in the total number of capillary vessels (matured and immature) in late atretic follicles between SB and HF [26] , the ratio of matured capillary vessels to the total number of capillary vessels is higher in HF than SB. This result seems to be opposite to the case of the theca interna, suggesting a physiological difference in capillary vessel function in late atretic follicles between SB and HF.
In the present study, we demonstrated that VEGF was localized in the granulosa and theca layers in both SB and HF. This localization was high in the granulosa of healthy follicles in SB and HF. A similar observation was noted in bovine [36] and rat [37] ovarian follicles. These previous studies also noted that an increased ligand expression resulted in enhanced capillary proliferation. Recently, it was reported that a close temporal association between VEGF expression and angiogenesis occurs in the equine corpus luteum [38] . Moreover, VEGF mRNA expression is temporally and spatially related to the proliferation of blood vessels in the ovary [39] . These findings support the concept that VEGF plays a major role as a potent regulator of angiogenesis. Our immunohistochemical localization of VEGF suggests that the capacity of atretic follicles to produce VEGF is reduced as compared to healthy ones, which supports previous reports in other species [14, 40] . The density and area of vWFpositive capillary vessels increased in the SB theca interna, suggesting that vWF expression is negatively correlated to VEGF expression.
We observed that alteration of VEGF expression in the theca interna was slighter (between partial and half) than in the granulosa (between partial and whole) as follicles progressed from healthy to atretic follicles in SB, as well as in HF. The formation of vasculature depends on VEGF expression [13] , and vasculogenesis in the theca interna may be attributable to the VEGF secreted by granulosa cells.
In conclusion, this study demonstrates for the first time in SB ovary that matured capillary vessels (vWF-positive) increase in the process of follicular atresia. Furthermore, VEGF is expressed in the granulosa cells as well as in the theca interna of SB, and this expression tends to decrease in atretic follicles. It is suggested that vWF and VEGF are associated with follicular atresia in a converse relationship. 
